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ABSTRACT
A geochemical model has been developed to predict lead dissolution and solid phase 
transformations in water distribution systems for varying water chemistry conditions and 
corrosion scale compositions. The equilibrium model is developed in PhreeqC.v.2.16.03 with 
reactions and thermodynamic constants validated by comparing simulation results with 
laboratory batch dissolution experiments. The experiments were conducted on pipe corrosion 
scale samples from the water distribution system of London, ON and on pure phase lead 
compounds at different water chemistry conditions. While prior geochemical models have 
focused primarily on predicting soluble lead concentrations; our model is also able to 
successfully predict equilibrium solid phase compositions. With the inclusion of 
thermodynamic lead (IV) oxide parameters the model is also able to provide insight into the 
phase transformations between lead (II) to lead (IV) phases. The results indicate that at low 
chlorine concentrations soluble lead levels are governed by the solubility of lead (II) 
carbonates. Simulations and laboratory experiments of a complex corrosion scale containing 
lead and aluminum silicate phases demonstrate that the presence of aluminum silicate phases 
has negligible effect on soluble lead concentrations for typical water chemistry conditions. 
Sensitivity analyses conducted to examine the effectiveness of zinc orthophosphate for the 
inhibition of lead corrosion shows that the application of 3-5 mg PO4/L reduces soluble lead 
concentrations for low alkalinities. Moreover the model predicts that the formation of lead 
(IV) oxide is inhibited by orthophosphate. This model developed is a valuable tool that may 
be applied for municipalities to better predict the effectiveness of a corrosion control 
strategy.
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Lead is a toxic heavy metal and human exposure to elevated concentrations causes 
serious health effects. These include interference with brain development, nervous system 
damage and kidney failure (Needleman 1981; Finkelstein et al. 1998; Flora 2009). These 
effects are exacerbated in children. According to Health Canada (2007), the main sources 
of lead exposure are lead based paint, dust, soil, drinking water and various consumer 
products such as toys, food cans and jewellery. Even though lead is banned in Canada 
from use in commodities such as gasoline and paint, still a significant blood lead 
concentration is observed. A very recent study (Bushnik et al. 2010) shows a mean 
blood lead of 0.0134 mg/L for the Canadian population. Blood levels above 0.1 mg/L 
are considered very dangerous although some researchers suggest blood lead levels as 
low as 0.02 mg/L may cause serious health problems in children. (Bushnik., Haines et al. 
2010).
Although lead based pipes are no longer used in building new water distribution systems 
there are still several North American municipalities partially served by lead pipes. 
(Giammar et al. 2010; Kim and Herrera 2010). In addition to lead pipes, leaded brass, 
fitting and solders have also been identified as a source of lead in drinking water 
(Edwards et al. 2009). In Canada the national plumbing code allowed lead in plumbing 
materials until 1975 and lead solders until 1986 (Health.Canada. 2007). Recently, a 
number of Ontario cities (e.g., London, Ottawa, Hamilton) have been experiencing high
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lead levels in drinking water. These lead levels have been traced to lead pipes still 
present in the water distribution systems (London, 2010). For instance, in 2007 the City 
of Ottawa ran a test program to monitor lead concentrations in drinking water at the 
point-of-use. Results indicated that 13 of the 1012 samples taken exceeded the drinking 
water standard (0.01 mg Pb/L) (Ottawa, 2011). Municipalities impacted by elevated lead 
corrosion are currently undertaking lead replacement programs to remove lead pipes from 
their distribution network; however this involves large capital investment and it is 
anticipated that complete replacement will take several years.
To immediately mitigate elevated lead levels in drinking water, municipalities partially 
serviced by lead plumbing have implemented different lead corrosion control strategies. 
These include lead pipe replacement, adjustment of water quality conditions to minimize 
pipe corrosion, and the use of corrosion inhibitors. The source of lead in drinking water 
can be traced to the dissolution of the corrosion scale that is present inside the lead pipes. 
Water leading the treatment plant contains itself a negligible amount of lead but the 
chemistry of this water controls the solubility of the corrosion scale and hence the final 
lead concentration in drinking water (AwwaRF and TZW 1996; Noel et al. 2009; Tam 
and Elefsiniotis 2009). Therefore understanding the corrosion scale morphology and its 
behaviour when exposed to different water chemistry conditions is extremely important 
for designing lead corrosion control strategies. Although previous experimental studies 
have examined the impact of different water quality parameters on lead dissolution, 
availability of studies on modeling of lead corrosion in drinking water is limited. Models 
to predict lead dissolution in distribution systems are much-needed as recent research 
reveals the importance of solid phase transformations in lead dissolution mechanisms.
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Modeling is able to provide valuable mechanistic insights into the corrosion processes 
associated with lead dissolution including the dominant solubility/precipitation 
mechanisms and the species controlling lead dissolution. From the utility management 
point of view, a robust modeling framework could enable operators to explore different 
scenarios and to evaluate corrosion control strategies before their application in the 
distribution systems.
1.2 RESEARCH OBJECTIVES
The overall goal of this thesis is to evaluate the lead corrosion scale dissolution and solid 
phase transformations in drinking water distribution systems through the development of 
a geochemical model. The model is developed in modeling platform PhreeqC.v.2.16.03 
and is evaluated using data from laboratory dissolution experiments, as well as previously 
reported data. Once the model was developed, the objective of the thesis is to investigate 
the effect of water chemistry parameters such as pH, alkalinity and disinfectant 
concentration on soluble lead levels as well as solid phase formation and transformations 
in the corrosion scale. The model is also used to evaluate the influence of mixed 
corrosion scale composition including the role of non-lead bearing phase like aluminum 
silicates on lead dissolution. The final objective is to evaluate the effectiveness of the 
corrosion inhibitor orthophosphate in lead corrosion control.
Lead corrosion in drinking water distribution system is a complex process. But 
understanding this complex phenomenon is really important for implementing long term 
lead corrosion control strategies. In this contribution the developed model will help us to
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better understand the influence of important water chemistry parameters not only on 
soluble lead concentrations but also on solid phase formation and transformation. The 
model thus is a valuable tool to implement effective long term corrosion control 
strategies.
1.3 THESIS OUTLINE
This thesis is written in “Integrated Article Format”. A brief description of each chapter 
is presented below.
Chapter 1 introduces general background information and states the objectives of the 
study.
Chapter 2 reviews past research focused on lead corrosion chemistry in drinking water 
distribution systems. Previous studies that have examined the effect of water chemistry 
parameters on soluble lead concentrations, solid phase formation and transformations, 
corrosion control strategies and prior modeling approaches are discussed.
Chapter 3 presents the details of the experimental setup, model development, validation, 
and sensitivity analyses carried in the present work.
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Elevated lead levels in drinking water poses a serious risk as the exposure of lead even at 
low levels, can cause serious health problems (Needleman 1981; Finkelstein et al. 1998). 
To limit the lead exposure occasioned by drinking contaminated water, the maximum 
allowable lead concentration for drinking water in Canada is 0.01 mg/L (MOE, 2003). 
Elevated lead levels in drinking water originate mainly from internal corrosion of lead 
pipes and from brass and lead-based solders used in water distribution. Although, lead 
pipes are no longer used as plumbing material, many municipalities still have lead­
bearing plumbing systems as part of their distribution network. Complete replacement of 
existing lead service pipe lines is not possible due to the high cost of pipe replacement 
programs and concomitant water service disruption. As an alternate solution, corrective 
measures such as controlling the water chemistry to reduce the lead corrosion are often 
taken to minimize public lead exposure. Lead corrosion chemistry is a complex 
phenomenon (see Figure 2.1). Sensitivity of the corrosion scale to changes in the water 
chemistry is not always fully understood and therefore approaches are not always 
effective in reducing the lead concentrations. On the other hand, water utilities often need 
to modify their water treatment process due to changes in demand or for improved plant 
efficiency and final water quality. These changes may adversely affect the corrosion scale 
formed inside the lead-bearing plumbing and lead to the dissolution of lead into the 
drinking water. Therefore a clear understanding of the sensitivity of the corrosion scale to
8
the different changes in water chemistry is essential before a utility implements any 
modifications to water treatment processes that affect the chemistry of the influent water.
Figure 2.1: Corrosion scale lead chemistry in lead pipe (Noel, Nading et al. 2009).
It has been reported that total lead concentrations measured at the point-of-use consist of 
both dissolved and particulate lead (Giammar et al. 2010). For example, for the City of 
London, 20-50% of the total lead present in drinking water is particulate (Kim et al. 
2010). The present thesis focuses on the effect of water chemistry parameters on soluble 
lead concentrations and solid transformations in the corrosion scale. While the effect of 
water chemistry on the release of particulate lead is not explicitly examined, the solid 
phase solubility and phase transformations have the potential to provide insight to the 
expected variations in particulate lead levels. Predicting particulate lead concentrations is 
beyond the scope of this thesis as it depends not only on chemical factors, but also 
complex physical factors such as the flow rate and hydraulic regimen (Deshommes et al. 
2010).
For the case of chemically dissolved lead, it is now well established that pH, dissolved 
inorganic carbon (DIC), disinfectant, natural organic matter (NOM) and phosphate play
9
an important role in lead solubility and solid phase transformations of the pipe corrosion 
scale (Schock 1989; Giammar et al. 2009; Tam and Elefsiniotis 2009). Solid phases in the 
corrosion scale of the distribution pipes that destabilize leading to elevated lead levels 
include both lead (II) and lead (IV) compounds. Hydrocerussite (Pb3(C03)2(0H)2) and 
cerussite (PbCOs) are the dominant form of lead (II) corrosion product present on lead 
corrosion scale (Liu et al. 2008; Noel et al. 2009), though lead (II) oxide (PbO) and 
minium (PbsCL) have been also observed in lead corrosion scales (Kim and Herrera 
2010). Recent research has revealed that lead solubility can also be controlled by the 
secondary corrosion product lead (IV) oxide (Pb02) (Lytle and Schock 2005; Lytle et al. 
2009; Wang et al. 2010). Thus, understanding the form of the corrosion scale is essential 
for predicting lead concentrations as well as solid phase formation and transformations 
which impact the long-term effectiveness of corrosion control strategies. This thesis 
investigates the influence of water chemistry parameters on dissolution of the lead solid 
phases in the corrosion scale and the formation and transformations of these phases under 
different water quality conditions. This is achieved through laboratory dissolution 
experiments combined with the development and testing of a thermodynamic 
geochemical model. This chapter summarize the previous research in this area which 
examines the influence of water chemistry on lead corrosion scale dissolution, formation
and transformation.
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2.2 INFLUENCE OF WATER CHEMISTRY ON LEAD-BEARING SOLID 
PHASES
Soluble lead concentrations in drinking water are strongly dependent on influent water 
chemistry. Release of dissolved Pb2+ from pristine Pb (0) pipes typically occurs via the 
oxidation-reduction reaction (Vasquez, Heaviside et al. 2006):
2Pb(s) + 0 2(aq) + 4H+ n  2Pb2+ + 2H20  Equation 2 -1
04-Depending on the influent water chemistry Pb then precipitates as different lead (II) 
solid phases; these include hydrocerussite, cerussite, lead (II) oxide, and 
hydroxylpyromorphite (PbsiPO^OH) (Vasquez et al. 2006; Noel et al. 2009). Relevant 
aqueous phase and solid phase reactions and equilibrium constants for these processes are 
shown in Table 2.1.
Table 2.1: Relevant aqueous reactions and equilibrium constants (Allison, Brown et al. 1991) 
Aqueous Reactions
No Reaction Log K
1 h2o u  o h + h+ -13.998
2 2 H20  5  0 2 + 4 H+ + 4 e -86.08
3 Na+ + C03'2 + H+ ±5 NaHC03 10.08
4 Na+ + C03'25  NaC03' 1.268
9 Pb+2+ C rnP bC l+ 1.6
10 Pb+2 + 2CYU PbCl2 1.8
11 Pb+2+ 3 Cf U PbCl3‘ 1.699
11
12 Pb+2 + 4 e r  £» PbCl4'2 1.38
13 Pb+2+ 2C03"2 Î7 Pb(C03)2'2 10.64
14 Pb+2+ H20  S  PbOH+ + H+ -7.71
15 Pb+2 + 2 H20  i;Pb(OH)2 + 2 H+ -17.12
16 Pb+2+ 3 H20  £» Pb(OH)3‘ + 3 H+ -28.06
17 2 Pb+2+ H20  U Pb20H+3 + H+ -6.36
18 Pb+2+N 03'S  PbN03+ 1.17
19 Pb+2+ C032' £» PbC03 7.24
20 Pb+2+ 4 H20  Pb(OH) 4'2 + 4H* -39.69
21 Pb+2+ C03'2 + H+î5 PbHC03+ 13.2
22 C03'2 + H+i=> HC03- 10.33
23 C03'2 + 2H+ SH2C03 16.681
24 CI'+ 2 OH' t» CIO’+ H20  + 2 e -30.13
25 CIO' + H+S  HCIO 7.49
26 2 HCIO + 2 H++ 2 e 5  Cl2 + 2 H20 -53.8
27 N03' + 2 H++ 2e" Î5 N02' + H20 28.57
Solid Phase dissolution
Phase Reaction Log Ksp
Hydrocerussite Pb3(C03)2(0H)2 + 2H+ i=»3Pb+2 + 2C03'2 + 2H20 -17.46
Cerussite PbC03 £» Pb+2 + C03'2 -13.13
Plattnerite Pb02 + 4H+ + 2e" Ü Pb+2 + 2H20 49.3
Minium Pb30 4 + 8H+ + 2e" 5  3Pb+2 + 4H20 73.69
Hydroxylpyromorphite Pb5(P04)30H + H 't ;  5Pb+2 + 3P04'3 + H20 -62.79
Chloropyromorphite Pb5(P04)3Cl 5Pb+2 + 3P04'3 + CI' -84.43
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It is widely recognized that lead (II) carbonates (hydrocerussite and cerussite) are the 
main lead solid phases controlling soluble lead concentrations in drinking water 
distribution systems (Schock 1980; Schock and Gardels 1983). Usually lead (II) 
carbonates reach solubility equilibrium very quickly (Schock 1980; Schock and Gardels 
1983). For example Giammar et al. (2010) investigated lead dissolution on lead pipes 
with a corrosion scale consisting mostly lead (II) carbonates. They found that the lead 
dissolution occurred quickly within the first hour and that additional hours (48 h) of 
stagnation did not affect the soluble lead concentration. However, the dissolution rate 
also strongly depends on influent water chemistry (Schock 1989). In presence of 
dissolved carbonate, hydrocerrusite typically forms at higher pH (9-10) while cerussite 
forms at lower pH values (6-8) (Nadagouda et al. 2009; Noel et al. 2009). High dissolved 
lead concentrations are typically observed in drinking water systems maintained at low 
pH and alkalinity (Noel et al. 2009). Therefore, pH and DIC adjustment are often 
considered the simplest approach to control soluble lead concentrations (Schock 1980; 
Schock and Gardels 1983). Shock (1989) reported that theoretically the optimum ranges 
of pH and DIC to control soluble lead concentrations is 8.8-10 and 1-8 mg C/L, 
respectively. Higher alkalinity (DIC) typically leads to higher soluble lead concentrations 
due to an increase in the formation of soluble lead carbonate complexes (Schock and 
Gardels 1983; Nadagouda et al. 2009).
In recent years it has been revealed that lead (IV) oxide can also play an important role in 
controlling lead solubility. The importance of lead (IV) oxides was demonstrated in 
Washington, DC when a change in disinfectant (free chlorine to monochloramine) 
resulted in an elevated lead level in the drinking water (Renner 2004; Xie et al. 2010).
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Though lead (IV) oxides are less soluble than lead (II) carbonates (Xie et al. 2010), 
studies have now shown that the change in disinfectant, and concomitant modification on 
the ORP (oxidation reduction potential) of the water, lead to the reductive dissolution of 
lead (IV) oxide and thus an increase in soluble lead concentrations (Edwards and Dudi 
2004; Renner 2004; Switzer et al. 2006; Vasquez et al. 2006). In these cases, the 
formation and persistence of lead (IV) oxide relies on maintaining a high ORP in the 
water. This is only possible if a strong oxidant such as free chlorine is used in the water 
treatment process (Lytle and Schock 2005; Lin and Valentine 2009). Failing to maintain 
the high ORP can then result in the reductive transformation of the lead (IV) oxide 
leading to the formation of the comparatively highly soluble lead (II) carbonates phases. 
Although free chlorine has historically been used as a disinfectant in many distribution 
systems, some utilities are switching from free chlorine to chloramines, mainly to avoid 
the formation of trihalomethanes during disinfection (Switzer et al. 2006). Although 
monochloramine is an effective disinfectant, the resulting ORP potential of the treated 
water is lower than that of free chlorine (Vasquez et al. 2006), these lower ORP values 
result then in scale destabilization. For instance, Xia et al (2010), has demonstrated that 
the lead dissolution rate is significantly lower in presence of free chlorine compared to 
cases with monochloramine and without disinfectant at pH 7.5, 8.5 and DIC 50 mg C/L 
(Figure 2.2).
14
pH“7.5, DIC*50 pH=8.5, DIC=50
Figure 2.2: Dissolution rate of lead (IV) oxide (plattnerite) for cases with no disinfectant, 
monochloramine and free chlorine (Xie, Wang et al. 2010).
The decrease in ORP values, can also originate not only from changing the disinfectant 
type, but also from changes in the disinfectant concentration. While it is now understood 
that a strong oxidant is required for the formation of lead (IV) oxide, the reaction 
pathways for the formation of lead (IV) oxide are still unclear. Due to its low solubility 
maintaining lead (IV) oxide as a passivation layer is beneficial to a utility system, 
however even minor changes on disinfectant concentrations can trigger lead dissolution. 
Most water utilities however, have found lead (IV) only as a minor component of lead 
corrosion scale. For instance, Kim and Herrera (2010) provided a chemical analysis of 
the corrosion scale harvested from City of London, ON. They found hydrocerussite or 
cerussite in most of the pipe samples while presence of lead (IV) oxide was limited. 
Similar trend has also been observed in other municipalities (Giammar et al. 2010). 
Recent studies have proposed various mechanisms for the solid phase conversion
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between lead (IV) and lead (II) species (Lytle and Schock 2005; Lytle et al. 2009; Wang 
et al. 2010). Among these studies, Lytle and Schock (2005) conducted long term (397 
days) experiments to observe the phase change between lead (IV) oxide and lead (II) 
carbonates with chlorinated (1-3 mg/L) water at pH 6.5, 8 and 10. Figure 2.3 shows the 
soluble lead concentrations from one of their experiments with initial pH and DIC at 8 
and 10 mg C/L, respectively. PbCL was added to the initial solution to give a soluble 
lead concentration 20 mg/L. XRD analysis confirmed that hydrocerrusite precipitated 
initially and converted to cerussite over the first 20 days. The cerussite was then slowly 
converted to lead (IV) oxides and this became the dominant solid phase after 82 days. 
The precipitated solid phase was shown to be composed of two types of lead (IV) oxide: 
plattnerite ((3 PbC^) and scrutinyite (a PbCL). The chlorine concentration was not 
consumed over time but adjusted to 3 mg/L in day 26 and 105 to maintain a sufficiently 
high ORP. As chlorine concentration was not maintained after 105 days, at the end of the 
study (397 days) cerussite was identified as the only solid phase in that experiment. This 
experiment revealed that if chlorine levels are not maintained lead (IV) oxide formation 
is completely reversible to the lead (II) carbonate phases. In addition, it can be seen from 
Figure 2.3 that the lead concentration was lowest when lead (IV) oxide was the dominant 
solid phase at day 82. In contrast, the lead level increased to 0.1 mg/L when cerussite was 
the dominant phase. The authors suggested a reversible phase transformation sequence 
hydrocerussite cerussite £+ lead (IV) oxide. The sequence is reversible if a high 
enough ORP is not maintained. It is important to note that the complete conversion of 
lead (IV) oxide from lead (II) carbonate requires a very high chlorine concentration. This 
is not possible for many utility systems, and therefore although for these systems a
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portion of the solid phase is present as lead (IV) oxide, lead (II) carbonates are still the 
main solid phases and thus control the lead solubility.
Figure 2.3: Soluble lead concentration versus time at initial pH 8 and DIC lOmg/L (Lytle and 
Schock 2005).
A recent study (Wang et al. 2010) hypothesized a pathway for the formation of lead (IV) 
oxide. The authors propose that although the formation of lead (IV) oxide can occur in 
absence of lead (II) carbonate, the presence of DIC accelerates lead (IV) oxide formation. 
The phase transformation in this study occurred rapidly relative to the experiments of 
Lytle and Schock, (2005) as high chlorine (4, 20, 42 mg CI2/L) and DIC (20 mg C/L) 
levels were maintained throughout the experiments. They showed that with a free 
chlorine values 20 mg/L, lead (II) carbonates can convert to lead (IV) oxide in 7 days. 
Figure 2.4 shows the different pathways proposed by the authors for lead (IV) oxide 
conversion. With lead (II) solid phases as the initial lead compound the phase
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transformation to lead (IV) oxides can either follow 1A-2B-3A or a direct solid phase 
transformation may occur (2A).
Figure 2.4: Potential mechanism of Pb02 phase from initial lead (II) oxide phases (Wang, Xie et 
al. 2010).
The influence of pH and DIC on the dissolution of lead (IV) oxide has also been 
investigated (Dryer and Korshin 2007; Xie et al. 2010). Figure 2.5 shows the change of 
dissolution rate of lead (IV) oxide as a function of pH (7.5, 8.5, and 10) and DIC (0, 10, 
50 mg C/L) from the study of Xie et al, 2010. Dissolution rates can be seen to increase 
with at higher DIC for all pH values and to decrease with increasing pH values for all 
DIC (except at pH 10). At pH 10, for 0 and 10 mg C/L lead (IV) oxide dissolution 
slightly increased at pH 10 compared to pH 8.5. The authors concluded that formation of 
lead (II) carbonate complexes at high DIC levels is responsible for the observed higher 
dissolution levels of lead, while formation of lead hydroxyl complexes leads to increased 
lead dissolution at pH 10 for the cases of low DIC.
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Figure 2.5: Dissolution rate of plattnerite as function of pH and DIC determined by using 1 g/L 
solid with 0.5h residence time (Xie et al. 2010).
Natural organic matter (NOM) has also been shown to play important role in soluble lead 
concentrations (Dryer and Korshin 2007; Lin and Valentine 2008; Lin and Valentine 
2009; Shi and Stone 2009). For instance, Lin and Valentine (2008), while investigating 
the reductive dissolution of lead (IV) oxide at different pH (6-9), and chlorine (0 - 0.5 as 
CI2/C) levels, in presence and absence of NOM (0-20 mg/L) found that NOM may 
promote the reductive dissolution of lead (IV) oxides. A similar trend was also observed 
by Dryer and Korshin, (2007) and Lin and Valentine (2008), who further hypothesized 
that NOM was not only responsible for reductive dissolution of lead (IV) oxide, but also 
it inhibited the formation of the solid lead (II) carbonates, resulting in high lead levels.
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2.3 CORROSION CONTROL STRATEGIES
Typically corrosion control strategies are based on either increasing the pH of the treated 
water with sufficient alkalinity adjustment or the use of corrosion inhibitors such as 
phosphates and silicates (Patterson and O'Brien 1979). Increasing the pH increases the 
formation of lead (II) carbonates which minimizes soluble lead concentrations. 
Hydrocerussite and cerussite control the lead solubility when carbonates are present, but 
lead solubility can be further reduced by the addition of phosphate which leads to the 
formation of even less soluble solid phases. These include hydroxylpyromorphite, and 
chloropyromorphite (Pb5(P04)3Cl) (Schock 1989; Noel et al. 2009). The formation can be 
described as:
These insoluble phosphate-bearing phases have shown to form a thin layer over the 
existing corrosion scale, strongly decreasing dissolved lead levels (Nadagouda et al. 
2009). Previous researches have shown that addition of phosphate resulted in a 70% 
reduction in soluble lead concentrations under typical water quality conditions, at a pH 
range 7-8 (Edwards and McNeill 2002; Tam and Elefsiniotis 2009). The effectiveness of 
phosphate however depends on the influent water chemistry. Phosphate is only effective 
as a corrosion inhibitor at a certain pH and DIC range (Patterson and O'Brien 1979). For 
example, when evaluating corrosion control strategies Kirmeyer and collaborators at the 
City of Martinez, CA (Kirmeyer 2000) found that either pH adjustment to 9 or the 
addition of a phosphate inhibitor at pH 7.4 could be viable corrosion control strategies.





Other municipalities including Springfield, MA have evaluated the effectiveness of zinc 
orthophosphate addition to their distribution systems. Results indicate that the addition of 
phosphates is able to inhibit corrosion at phosphate concentrations between 3-5 mg PO4/L 
and at a pH range 7.5-8. Although adding phosphate is a promising method to control 
soluble lead concentrations, studies have indicated phosphate addition may induce 
biofilm growth due to the presence of phosphorus which provides a source of nutrients 
for microorganisms (Gouider et al. 2009). Furthermore, the effectiveness of phosphate 
inhibitor is limited if the treated water has a high DIC (Schock 1989). Therefore, 
phosphate addition is only effective as a corrosion control strategy in water distribution 
systems with a very specific water quality.
2.4 EQUILIBRIUM VERSUS KINETIC CONSIDERATIONS FOR THE 
MODELING APPROACH
The solubility of lead solid phases has been analyzed using both equilibrium and kinetic 
approaches. Equilibrium based models are based on thermodynamic constants and 
assume that the reactions are instantaneous. While aqueous reactions are typically very 
fast, solid phase precipitation and dissolution reactions are often rate-controlled. When 
the contact time between the solid and liquid phase is short, the dissolution rate often 
needs to be considered in the prediction of the soluble lead concentrations. Even though 
dissolution rates for many lead solid phases have been reported in prior studies, these 
data typically only applicable to specific experimental conditions and their application to 
a complex system containing multiple lead phases such as the corrosion scale is 
unfeasible. Despite these uncertainties studies have shown that corrosion scale phases
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containing lead (II) carbonates do reach solubility equilibrium rapidly. Due to this fast 
dissolution/precipitation kinetics for lead (II) carbonates, studies have shown that it is 
valid to adopt an equilibrium approach to describe these solid phases (Schock 1980). 
However, aqueous-solid phase interactions for other lead phases, particularly lead (IV) 
oxide, are strongly-rate controlled. The following section summarizes the literature 
examining lead solubility via equilibrium and kinetic approaches.
2.4.1 EQUILIBRIUM APPROACH FOR LEAD SOLUBILITY
Extensive research has been conducted on thermodynamic equilibrium chemistry related 
to the solubility of different lead phases found in the corrosion scale in water distribution 
systems (Rickard and O.Nriagu 1978; Bilinski and Schindler 1982; Taylor and Lopata 
1984; Mercy et al. 1998; Schock 1999). Using the equilibrium approach, maximum 
soluble lead concentrations have been predicted and solid-aqueous phase kinetics 
neglected (AwwaRF and TZW 1996). This approach is valid provided that the 
dissolution and precipitation of the solid phases are rapid relative to contact time. In these 
equilibrium calculations, however, availability of accurate thermodynamic data is 
essential. Equilibrium constants for aqueous phase reactions and for predicting the 
solubility of lead-bearing solid phases have been widely reported particularly in the fields 
of water quality and battery manufacturing.
Total dissolved lead concentration (Pbx) can be calculated by summing the free lead ion 
and lead complexes in the solution. The general equation is:
2+
Pbj [Pb ] + aqueous lead complexes Equation 2 -4
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Aqueous lead complexes with carbonate and hydroxide species make a significant 
contribution to the total dissolved lead concentration. Other lead complexes are typically 
negligible in comparison (AwwaRF and TZW 1996). In an aqueous system at 
equilibrium with solid phases, the concentration of the aqueous lead species can be 
calculated based on the solubility products (Ksp) of each individual solid phase. For 
instance, the dissolution reaction and equilibrium expression for hydrocerussite and 
cerussite:
Pb3(C03)2(0H)2 + 2H+ 25 3Pb+2 + 2C03‘2 + 2H20  
Ksp = [Pb+2]3 [CO/2]2/ [H+]2 = K )'17 65 
PbC03 25 Pb+2 + C 03'2 
Ksp = [Pb+2] [CO,'2] = 10‘1313
Equation 2 -  5a 
Equation 2 -  5b 
Equation 2 -  6a 
Equation 2 -  6b
Lead (IV) compounds are found in the corrosion scale of water distribution systems in the 
presence of a strong oxidants such as chlorine (HOC1) (Lytle and Schock 2005). If there 
is not sufficient oxidant in the system lead (IV) oxides will undergo reductive dissolution 
leading to the formation of lead (II) compounds. Equation 2-7 shows the relevant 
reactions of lead (IV) dissolution triggered by the presence of the HOC1/C1' redox couple. 
In absence of HOC1, 0 2/H20  (Equation 2-8) is the dominant couple controlling ORP and 
thus lead (IV) oxide dissolution (Xie et al. 2010).
Pb02 + 4H+ + 2e‘ 25 Pb2+ + 2H20  Equation 2 -  7a
HOC1 + 2e‘ + H+ 25 Cf + H20  Equation 2 -  7b
0 2 + 4H+ + 4e‘252H20  Equation 2 - 8
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2.4.2 KINETIC APPROACH AND DISSOLUTION RATES OF LEAD-BEARING 
SOLID PHASES
The kinetics of lead (II) carbonate dissolution and precipitation has been examined 
previously. These researches have demonstrated that these solid phases reach equilibrium 
fast (Liu et al. 2008; Noel et al. 2009). For instance, Noel et al. investigated the 
dissolution rate for hydrocerussite using a small continuously stirred flow through 
reactor. They quantified the dissolution rate by measuring the effluent lead concentration 
and hydraulic resistance time normalizing the rate to the total solid surface area. The 
dissolution rate for hydrocerussite was calculated at approximately 10' mol/m .min at pH 
range 7.5-10 and DIC 0-50 mg/L. Liu et al. (2008) studied the kinetics and mechanism of 
lead (II) carbonate oxidation by chlorine. They showed that in a system with only 
hydrocerrusite initially present, there is an initial lag phase where free chlorine decreases 
slowly and this is followed by a rapid oxidation phase where chlorine decreased rapidly. 
In the lag phase hydrocerrusite was observed to transform to cerussite, while during the 
rapid oxidation and chlorine consumption phase lead (IV) oxide was detected together 
with cerussite.
More recent studies have focused on the dissolution and formation rates of lead (IV) 
oxides. Lead (IV) oxide exhibits slower dissolution kinetics relative to lead (II) carbonate 
solid phases. Dissolution rates reported are often based on specific experimental 
conditions (Noel et al. 2009; Xie et al. 2010). Xie et al (2010) measured the dissolution 
rate of lead (IV) oxide in a flow-through-reactor with varying pH (7.5, 8.5, 10) and DIC 
(0, 10, 50 mg C/L). Their calculated experimental dissolution rate (.Rexp) and rate constant
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(k) determined using a surface controlled dissolution rate model were both of close to 
1010 mol/min.m2. Under similar experimental conditions, but using a batch reactor, Lin 
and Valentine (2008) had previously reported very slow dissolution rates (approximately 
10'10 mol/min.m2). In another contribution, Xie and coworkers investigated the effect of 
varying disinfectants (free chlorine vs. monochloramine) on the dissolution rates of lead 
(IV) oxides (Xie et al. 2010). The authors reported dissolutions rate of lead (IV) oxide in 
the presence of monochloramine significantly higher compared to those observed in the 
presence of free chlorine. They also ran batch experiments with lead (IV) oxides to 
determine equilibrium soluble lead concentrations and compared those experimental 
values with the predicted lead concentrations obtained using their previously calculated 
dissolution rates. The predicted results significantly under predicted the experimental 
values. The authors attributed these discrepancies to the presence of lead (II) species and 
the uncertainty on the values of the thermodynamic constants used.
2.5 PREVIOUS MODELS FOR PREDICTION OF LEAD DISSOLUTION
A number of studies have aimed to predict soluble lead concentrations considering only 
lead (II) carbonate phases. A number of approaches has been undertaken, including (1) 
Equilibrium models based on thermodynamic constants (Hem and Durum 1973; 
Patterson et al. 1977; Schock 1980; Marani et al. 1995; Tang et al. 2006); (2) Diffusion 
and mathematical models that describe mass transfer from the pipe to the aqueous phase 
(Clark et al. 1995; Leer et al. 2002); and (3) empirical models that are based on statistical 
analysis of field data on lead dissolution (Boffardi 1995; Clement et al. 2000).
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During 1980s a number of theoretical thermodynamic equilibrium models were 
developed based primarily on lead (II) carbonate phases. In these models the influence of 
lead (IV) oxide was neglected since at this time the chemistry of this solid phase and its 
impact on lead release were not yet recognized (Schock and Gardels 1983). The report of 
Hem and Durum (1973) is the first one to describe an estimation of equilibrium lead 
solubility using thermodynamic constants in a solution with characteristics similar to 
those of surface water. The authors also compared their predictions of soluble lead 
concentration to experimental values reported in previous studies. They initially 
considered cerussite, lead hydroxide, hydrocerussite, anglesite (PbSC^) as the solid 
phases but later they concluded that hydrocerussite had limited solubility and neglected 
its effect. Patterson et al. (1977) developed a similar thermodynamic equilibrium model. 
They used the same solid phases as Hem and Durum (1973) but used a different 
solubility constant for lead hydroxide than that proposed by Hem and Durum. 
Inconsistencies between the author’s simulated and experimental lead concentrations 
indicated that hydrocerussite, which is not included in their model, may need to be 
considered. Schock (1980) revised the model of Patterson by considering hydrocerussite 
phase and showed that the theoretical lead solubility changed for different DIC
o
concentrations and pH values at 25 C. He also attempted to validate this modified model 
by predicting lead concentrations obtained in previous lead coupon dissolution 
experiments carried by Patterson and O'Brien (1979) at pH 7 - 8 and DIC of 3-30 mg 
C/L. Schock’s prediction was qualitatively better than that of Patterson and O'Brien 
(1979), but there were still inconsistencies between predicted lead solubility levels and 
experimental data. Inconsistencies were linked to the modeling assumption of
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equilibrium with atmospheric carbon dioxide and the uncertainty of thermodynamic 
constants. More recently, Marani et al (Marani et al. 1995), evaluated the predictive 
capability of the geochemical modeling platform Minteqa2 to simulate lead solubility in 
the alkaline precipitation process used for wastewater treatment of acid battery effluents 
containing sulphate and lead compounds. Lead precipitation experiments were conducted 
at pH values ranging from 3.9-11.3 and DIC from 0 to 150 mg C/L. Two to three orders 
of magnitude discrepancies were found between the predicted soluble and experimental 
results. These inconsistencies were explained by the change of DIC in the experiments 
due to atmospheric CO2 intrusion during sampling events. The authors concluded that for 
prediction of lead precipitation in their alkaline system (<11.3) containing lead (Pb) and 
sulphur (S), three solid phases must be considered, cerussite, hydrocerussite and anglesite 
(PbS04). In addition, they suggested that a lead hydroxide solid phase can be neglected as 
it was not observed to form at normal room temperature and pressure.
In addition to the uncertainty associated with the thermodynamic solubility products 
used for lead (II) solid phases in previous models, few thermodynamic models have 
considered the effects of lead (IV) oxide. Nevertheless recent research has shown lead 
(IV) oxide can significantly influence dissolved lead concentrations. In addition, previous 
models were not able or were not applied to predict solid phase transformations. 
Understanding of solid phase transformations is important for evaluating the long-term 
effectiveness a change in finished water chemistry may have on the corrosion scale and 
thus soluble lead levels. Therefore the study develops a model that considers lead (IV) 
oxide and explains the phase formation and transformations in addition to predicting the 
soluble lead concentrations. Inclusion of these processes is essential to better understand
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the complex lead corrosion phenomenon and thus evaluate the effectiveness of corrosion 
control strategies.
2.6 SUMMARY
This chapter have reviewed previous research related to lead corrosion studies including 
the major reactions of aqueous lead chemistry, solubility of major lead phases, corrosion 
phase transformations, effect of water chemistry on the corrosion scale and previous 
modeling efforts. In this study, a model has been developed using a thermodynamic 
equilibrium approach. With that focus, the effect of water chemistry on lead (II) and (IV) 
compounds has been explored. Previous thermodynamic equilibrium models have 
excluded lead (IV) oxide compounds as until recent years there has been limited 
understanding of the chemistry of lead (IV) oxide, its subsequent transformations and its 
influence in soluble lead levels in drinking water. In addition, previous modeling efforts 
have focused mainly on soluble lead concentrations. By contrast, the model developed in 
this study not only predicts soluble lead concentrations, but also incorporates phase 
formation and transformations to explain the complex lead corrosion mechanism that 
takes place under varying water chemistry conditions. The model can thus evaluate 
different corrosion control strategies and the effect of other non lead bearing phases 
present in the water distribution system.
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CHAPTER 3
3.0 A GEOCHEMICAL MODEL FOR PREDICTING CORROSION- 
SCALE TRANSFORMATIONS IN DISTRIBUTION SYSTEMS
3.1 INTRODUCTION
Lead is a toxic heavy metal that can be introduced to drinking water through corrosion of 
lead bearing plumbing materials (Needleman 1981; Finkelstein et al. 1998; Flora 2009). 
Although lead bearing plumbing is no longer used in the construction of home dwellings 
and water distribution systems, high lead levels in drinking water are still a major 
concern for communities serviced by lead bearing distribution systems built in the past 
(e.g., Washington DC., London ON, Ottawa ON, Glasgow Scotland) (Peters et al. 1999; 
Douglas et al. 2004; Kim and Herrera 2010; Xie et al. 2010). The maximum acceptable 
concentration (MAC) for lead in drinking water in Canada is 0.01 mg/L and according to 
LCR (lead and copper rule) 0.015 mg/L is the action level for lead in drinking water set 
by the U.S Environmental Protection Agency (EPA 1991; MOE 2003). Soluble lead 
concentrations in drinking water are primarily controlled by the chemistry of the 
corrosion scale present in the inner walls of lead plumbing. The major lead phases of the 
corrosion scale are typically hydrocerussite (Pb3(CC>3)2(OH)2), cerussite (PbCCE), lead 
(II) oxides (PbO), minium (Pl^CL) and lead (IV) oxides (PbCE) (Schock et al. 2008; Kim 
and Herrera 2010). The solubility of these phases is strongly influenced by the water 
chemistry of the utility system, and in particular, key parameters including pH, alkalinity 
and type and concentration of disinfectant (Schock 1989; Noel et al. 2009).
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While the influence of the water chemistry on lead dissolution is complex, high dissolved 
lead concentrations are typically observed in drinking water systems maintained at low 
pHs and alkalinity (Noel et al. 2009). This is because the formation and stability of lead 
(II) carbonate phases (e.g., hydrocerussite and cerussite) are strongly controlled by the 
pH and dissolved inorganic carbon (DIC) concentration (Schock 1989). Moreover, recent 
studies indicate that in the presence of strong disinfectants (e.g., free chlorine) lead (II) 
carbonates can be oxidized to lead (IV) oxides such as plattnerite and scrutinyite (Lytle 
and Schock 2005; Liu et al. 2008; Xie et al. 2010). The complete transformation from 
lead (II) to lead (IV) phases is beneficial as the solubility of lead (IV) oxides is very low 
compared to that of lead (II) carbonates. Common lead corrosion control strategies are 
based on either adjustment of the pH to values where the solubility of lead (II) phases is 
very low or in the use of corrosion inhibitors such as phosphates or silicates, in 
combination with pH adjustment (Patterson and O'Brien 1979; Tam and Elefsiniotis 
2009). Phosphates reduce the lead corrosion by forming insoluble protective layers such 
as hydroxylpyromorphite (Pbs^O ^O H ) (Schock 1989; Lytle et al. 2009; Tam and 
Elefsiniotis 2009).
Modeling of the lead corrosion phenomenon in water distribution systems provides 
valuable insight into the causal relationships between water chemistry and observed lead 
levels at point-of-use. It also enables prediction of the main solid phases present in the 
scale and their transformations; this is important for assessing the long-term effectiveness 
of lead corrosion control strategies. A number of modeling approaches have been 
undertaken to predict soluble lead levels in distribution systems. These include 
thermodynamic equilibrium models (Hem and Durum 1973; Patterson et al. 1977;
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Schock 1980; Marani et al. 1995; Tang et al. 2006), computational diffusion models of 
lead dissolution from pipes (Leer et al. 2002) and statistical models based on field data 
analysis (Clement et al. 2000). A number of thermodynamic equilibrium models to 
predict lead solubility were developed in the 1980s (Hem and Durum 1973; Patterson et 
al. 1977 & 1979; Schock 1980). While these provide some insight into soluble lead 
concentrations, the models are not able to consistently predict experimental lead 
concentrations (Schock and Gardels 1983). For instance, Hem and Durum (1973) 
evaluated the solubility of lead in surface waters at pH range of 7.5-8.5 considering 
hydrocerussite, cerussite and lead hydroxide (Pb(OH)2) as solid phases. They concluded 
that hydrocerussite had a negligible effect on soluble lead concentrations due to its 
limited solubility at this pH range. Patterson et al (1977) later presented a similar 
thermodynamic equilibrium model considering lead hydroxide and cerussite only. This 
model was tested against laboratory experiments at various DIC values and used a 
different solubility constant value for lead hydroxide than that used by Hem and Durum. 
Inconsistencies were observed between simulated and experimental lead concentrations. 
This indicated that dissolution of hydrocerussite, not included in their model, may need to 
be considered. Schock (1980) revised the model proposed by Patterson et al and showed 
that the theoretical solubility of the lead phases (cerussite, hydrocerussite, lead 
hydroxide) depends on the DIC concentration and pH. He attempted to validate his model 
by predicting lead concentrations observed on a series of lead coupon experiments at pH 
7, 8 and DIC (3-30 mg C/L) (Patterson and O'Brien 1979). Shock’s predicted lead 
concentrations values were qualitatively better than those obtained using Patterson and 
O’Brien’s model, but the model still significantly under predicted lead concentrations
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particularly at low (3 mg C/L) and moderate DIC (24 mg C/L) concentrations. Shock 
attributed these inconsistencies to model limitations including the assumption of 
equilibrium with atmospheric CO2 and uncertainty associated with the thermodynamic 
solubility constants adopted. More recently, Marani et al (1995) used the geochemical 
modeling platform Minteqa2 to simulate lead solubility in the alkaline precipitation 
treatment of acid battery wastewater containing sulphate and lead. Lead precipitation 
experiments were conducted at pH values ranging from 3.9-11.3 and DIC from 0 to 150 
mg C/L. Their predicted dissolved lead concentrations were 2-3 order magnitude higher 
than the experimental results at a pH > 8. At these conditions hydrocerussite was 
experimentally observed to be the dominant phase but their model predicted the major 
solid phases to be lead hydroxide, cerussite and anglesite (PbS04). These inconsistencies 
were attributed to an increase in DIC from the dissolution of atmospheric CO2 into the 
aqueous system; this was not accounted for in their closed model. In addition to the 
uncertainty associated with the lead phase thermodynamic solubility constants, prior 
models have not included the effects of lead (IV) oxide. Moreover, predictions of solid 
phase transformations for different water chemistry conditions was not examined with 
these models although this understanding is essential for developing a successful long­
term lead control strategy for drinking water systems.
In this contribution, the effect of major water chemistry parameters on soluble lead 
concentrations and solid phase transformations is investigated by performing batch 
dissolution experiments and applying the experimental data to develop and validate a 
thermodynamic equilibrium model. This model was developed in the geochemical 
modeling platform PhreeqC.v2.16.03 (Parkhurst and Appelo 1999). Lead dissolution
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experiments where carried using pure lead compounds (hydrocerussite, cerussite, lead 
(IV) oxide) and also corrosion scales harvested from lead pipes removed from the water 
distribution system of London, ON. Data from these batch experiments is used for model 
development including the selection of the appropriate reactions and thermodynamic 
data. The model was then further tested for different water chemistry conditions (varying 
pH, DIC, chlorine) with experiments conducted in this study and also with data from 
previous studies (Patterson and O'Brien 1979; Marani et al. 1995; Giammar et al. 2010). 
In addition to prediction of lead corrosion chemistry, the model also considers aluminum 
silicate non-lead bearing phases and their effect on lead solubility. Finally, a sensitivity 
analysis has been conducted to examine the effect of orthophosphate addition on the solid 
phase composition and the soluble lead concentrations at different DICs and pH values.
3.2 EXPERIMENTAL METHODS
Batch dissolution experiments were conducted using A.C.S reagent grade pure lead 
phases (hydrocerussite, cerussite, lead (IV) oxide (plattnerite)) and two pipe corrosion 
scale samples harvested from lead pipes exhumed during the Lead Service Replacement 
Program of the City of London, ON in 2009. The corrosion scale recovered from the lead 
pipes have previously been characterized using X-ray diffraction (XRD), Raman and 
FTIR spectroscopy (Kim and Herrera 2010). The XRD results indicate that 
hydrocerussite was the major solid phase with a very small amount of cerussite and 
minium (Pb304). Although lead (IV) oxide (plattnerite) was not observed in the corrosion 
scale samples used in this study it was found in the outer layer of other pipe scales 
recovered from the London, ON water distribution system (Kim and Herrera 2010).
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Aluminum silicate was also found to be present in addition to these lead phases. FTIR 
results suggested that this aluminum silicate phase was either imogolite 
(Al203Si0H(0H)3) or aluminum-rich allophone (Al2Si205(0H)4) (Kim and Herrera 
2010).
The lead-bearing pure phases and corrosion scales were subject to closed batch 
dissolution experiments using aqueous solutions at different pH values (7-10) and 
chlorine concentrations (0-10 mg CI2/L) under both pH buffered and unbuffered 
conditions. A summary of the experiments conducted including details results of the scale 
used in each experiment are provided in Table 3.1. Data from the dissolution experiments 
with pure phases (exps. 1-3) was used for initial model evaluation and to test the 
assumption of thermodynamic equilibrium by examining the solid phase dissolution 
kinetics. The dissolution of corrosion scales harvested from pipes (exps. 4-5) of London, 
ON and three different synthetic scales (exps. 6-8) were also investigated. Synthetic 
scales were prepared by mixing several pure lead and aluminum phases at different but 
known proportions. Additional figures for the assumption of thermodynamic equilibrium 
can be found in the Appendix A (Figure A 1-4). The dissolution experiments were 
performed by adding 0.25 g of the solid to a capped 250 mL polypropylene vial (1 g/L 
initial solid concentration). An aqueous solution containing 0.01 M NaNC>3 20 mg C/L of 
DIC and NaOCl adjusted as required to obtain 0, 1, 5, 10 mg/L of free chlorine was 
added to the vial. The solution pHs of all experiments were unbuffered except for exp.5 
in which pH was buffered using a 0.01 M pH buffer solution (MOPS (3-N- morpholino 
propanesulfonic acid) for pH 7;EPPS (3-4-2-Hydroxyethyl-l-piperazinyl propanesulfonic 
acid) for pH 8; CHES (N-cyclohexyl-2-aminoethanesulfonic acid) for pH 9; CAPS ( N-
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cyclohexyl-3-aminopropanesulfonic acid) for pH 10). The initial pH for unbuffered 
experiments was adjusted using aqueous solutions of NaOH and HNO3.
Table 3.1 Summary of dissolution experiments conducted with 1 g/L of total scale








1 Pure HC 80.1 0 8 0-10 Unbuffered 10
2 Pure C 77.5 0 8 0-10 Unbuffered 10
3 Pure P 86.6 0 8 0-10 Unbuffered 60
4 Corrosion scale HC*, C, Al-Si 26.5 3.7 8 0-10 Unbuffered 10
5 Corrosion scale HC*, C, M, Al-Si 19 4 7-10 1 Buffered 30
6 Synthetic scale HC*, C Al-Si 26.5 3.7 8 0-10 Unbuffered 60
7 Synthetic scale HC*,C 26.5 0 8 0-10 Unbuffered 60
8 Synthetic scale HC*, C, P*, Al-Si 26.5 3.7 8 0-10 Unbuffered 60
HC = Hydrocerussite, C= Cerussite, M= Minium, P=Plattnerite, Al-Si= Aluminum Silicate 
*Major phase
The vials were then continuously mixed on a shaker at 170 rpm and a 10 mL aliquot was 
sampled from the vials periodically until it was observed that equilibrium was reached 
(10-60 days). Duplicate or triplicate samples were taken and pH, free chlorine 
concentration was measured for all data points. pH was measured using Ross pH half cell 
electrode (Orion 8103BNUWP, USA) while free chlorine was measured using DPD free 
chlorine reagent and a UV spectrometer (HACH DR5000, USA). After measuring pH 
and chlorine the samples were immediately filtered using 0.2 pm membrane filters and 
the filtrates were acidified using 2% HNO3 and stored until analysis. The concentrations 
of metals including lead in the filtrate were analyzed using an ICP-OES (Varian, Inc.,
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Vista-Pro Axial). A detailed description of the methods used to characterize the corrosion 
scale can be found in Kim and Herrera (2010).
3.3 MODEL DEVELOPMENT
A thermodynamic equilibrium model was developed using the modeling platform 
PhreeqC.v2.16.03 (Parkhurst and Appelo 1999). The water chemistry including soluble 
lead concentrations are controlled by the aqueous speciation reactions and solubility of 
the lead and aluminum phases in the corrosion scale. The model uses the thermodynamic 
Minteq.v4 database (Allison et al. 1991) with the inclusion of addition reactions as 
required. The aqueous and solid phase reactions considered in the model, including 
equilibrium constant values adopted, are provided in Appendix B (Table Bl). The batch 
experiments were carried out as closed systems and therefore the model does not consider 
gas phase interactions including CO2 (g) dissolution.
Based on the characterization of the field corrosion scale (Kim and Herrera 2010), the 
geochemical model considers the lead solid phases hydrocerussite, cerussite and minium 
as the initial phases. Lead (IV) oxide (plattnerite) is not initially present but is able to 
precipitate. At high pH, scrutinyite rather than plattnerite is typically the most common 
and thermodynamically stable form of lead (IV) oxide. However, the formation of 
scrutinyite occurs by a kinetically controlled phase transformation following the initial 
precipitation of plattnerite (Lytle and Schock 2005). Therefore the model considers 
plattnerite to be the only lead (IV) oxide phase. This assumption is further supported in 
that plattnerite is the only form of lead (IV) oxide found in the corrosion scale samples of 
London, ON (Kim and Herrera 2010). Lead (II) oxide (PbO) is extremely soluble under
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typical drinking water conditions (Nadagouda et al. 2009) and as a result other 
precipitation reactions usually limit its formation. None of the field corrosion scales used 
in this study contain lead (II) oxide and therefore this phase is also not considered in the 
model. Based on previous literature (Jackson and Sheiham 1980; Marani et al. 1995; 
Tang et al. 2006) the model also neglects the precipitation of lead hydroxide. While 
hydrocerussite, cerussite and lead oxides (PbO, Pb304, PbCh) are often found in the 
corrosion scale of lead-bearing plumbing materials (Renner 2004; Schock et al. 2008; 
Kim and Herrera 2010), few studies report the presence of lead hydroxide.
Aluminum silicates are thought to act as a protective layer inside the walls of lead pipes 
thus reducing lead concentrations (Kvech and Edwards 2001), however their influence on 
lead solubility is unclear (Snoeyink et al. 2003). Aluminum silicate phases were included 
in the model to evaluate their influence on soluble lead concentrations. While the exact 
crystalline phase for the aluminum silicate in the field corrosion scale samples is 
unknown, characterization results indicate that this phase has a Al:Si molar ratio of 3:1 
(Kim and Herrera 2010). Several studies report that formation of amorphous aluminum 
hydroxide (Al(OH)3) in water distribution systems is common due to the use of alum in 
drinking water treatment (Kvech and Edwards 2001; Gabelich et al. 2005). Often silica is 
also present in natural waters as silica dioxide (SiOa) (Kvech and Edwards 2001). 
Snoeyink et al reported the possible formation of hydroxyaluminosilicate (HAS; 
protoimogolite/imogolite, allophone) in drinking water distribution systems. Although 
these phases are more commonly found in soil environments, they may form in the 
corrosion scale of distribution systems if alum coagulated water becomes supersaturated 
with respect to HAS due to the presence of silica. Of the two types of HAS,
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protoimogolite (HASa with Al:Si = 2) commonly forms when the concentration of 
aluminum is higher than that of silica, as is typical in water distribution systems (Doucet 
et al. 2001; Doucet et al. 2001; Schneider et al. 2004; Strekopytov et al. 2006). It is well 
established that amorphous aluminum hydroxide is a prerequisite for protoimogolite 
formation (Doucet et al. 2001; Exley et al. 2002). The origin of the aluminum silicate 
phase in the corrosion scale of London, ON is likely due to the use of alum in the 
treatment plant (Kim et al. 2011); therefore we assumed that the aluminum silicate scale 
found in the pipe scale is a combination of protoimogolite and aluminum hydroxide. The 
presence of a mixed phase with both protoimogolite (Al:Si =2:1) and aluminum 
hydroxide is supported by the Al:Si ratio in the corrosion scale of 3:1. In addition to this 
mixed phase assumption, the presence of other aluminum silicate phases (Swaddle 2001; 
Snoeyink et al. 2003; Schneider et al. 2004; Gabelich et al. 2005) were also considered. 
Table 3.2 shows the different aluminum silicate phases in the corrosion scale that were 
tested. Predicted soluble aluminum concentrations obtained using these different phase 
compositions were compared with the batch corrosion scale experiments. In this study the 
developed model was initially tested first using the pure phase dissolution experimental 
data (exps. 1-3) and then the corrosion scale experimental data (exps. 4-8). The measured 
and predicted pH and soluble lead concentrations were compared for the pure phase 
experiments and pH and soluble lead and aluminum concentrations were compared for 
the corrosion scale experiments.
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Hydrocerussite, Cerussite, Minium, Protoimogolite, Aluminum hydroxide 
Hydrocerussite, Cerussite, Minium, Kaolinite 
Hydrocerussite, Cerussite, Minium, Imogolite
Hydrocerussite, Cerussite, Minium, Aluminum hydroxide, Silica dioxide 
Hydrocerussite, Cerussite, Minium, Protoimogolite
The model was then further evaluated using experimental results reported in previous 
studies (Patterson and O'Brien 1979; Marani et al. 1995; Giammar et al. 2010). After 
validating the model, it was applied to explore the effect of zinc orthophosphate (0, 3, 5, 
10, 30 mg/L as PO4) on lead dissolution. Simulations were run at pH 7-7.5, with an initial 
DIC of 3, 6, 15 and 40 mg C/L and lmg CI2/L.
3.4 RESULT AND DISCUSSION
3.4.1 SIMULATION OF DISSOLUTION EXPERIMENTS
The equilibrium model was tested using lead dissolution data obtained from experiments 
performed firstly with the pure phases (Exps. 1-3) and then on the more complex but well 
characterized pipe corrosion scales (Exps. 4-8). Comparison between the simulated and 
measured pH values and lead concentrations for the pure phase dissolution experiments 
are shown in Figure (3.1-3.3). The model was able to accurately predict (18% overall 
relative error) the mean lead concentrations and pH values measured for all pure phase 
batch experiments conducted with different initial chlorine concentrations (0, 1, 5, 10
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mg/L) and at pH 8. The exception is for the experiment with pure lead (IV) oxide at high 
chlorine concentrations (Figure 3.3). For this case (Figure 3.3) the model over predicts 
the soluble lead concentrations (>0.15 mg/L for the model c.f. <0.05 mg/L for 
experimental result after 60 days). Figure 3.4 shows the measured free chlorine 
consumption and soluble lead concentrations for the lead (IV) oxide dissolution 
experiments as a function of time for different initial free chlorine concentrations. The 
free chlorine was completely consumed after two days for the case of 1 mg/L initial free 
chlorine and at this time the corresponding lead concentration was still below 0.05 mg/L. 
Only after 30 days the soluble lead concentration value increased. This result is in 
agreement with previous studies that indicate lead (IV) oxide converts to lead (II) 
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Figure 3.4: (a) Free chlorine consumption and (b) dissolved lead concentration against time for 
pure phase lead (IV) oxide dissolution experiments (Exp. 3) with pFI 8, 20 mg C/L as NaHCO;, 
and 0 .01M N aN 03
In a depleting chlorine concentration system with available DIC a kinetic phase 
transformation occurs whereby lead (IV) oxide converts to lead (II) carbonates (Wang et 
al. 2010). Usually lead (IV) oxide is stable and formed from lead (II) carbonates only if 
high ORP (oxidation reduction potential) is maintained by a strong oxidant such as free 
chlorine. If a high ORP is not maintained, the transformation sequence is reversed and 
lead (IV) oxide converts to lead (II) carbonates. Once the lead (II) carbonates are formed 
these phases then control the soluble lead concentrations. As a result, for the experiments 
of high chlorine concentrations, a longer time is required to deplete the chlorine levels 
and for the subsequent transformation of lead (IV) oxides to lead (II) carbonates. For 
example, for the initial chlorine dosage of 5 mg/L, chlorine was not depleted after 30 
days; hence a longer time is required for the transformation of lead (IV) to lead (II) than 
for the initial chlorine dosage of 1 mg/L. Soluble lead concentrations below 0.05 mg/L
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are still observed after 60 days indicating that at this time the lead solubility is still 
governed by the lead (IV) oxide phase. Previous studies have shown similar trends 
whereby the soluble lead levels are controlled the Pb(IV) oxide/ Pb(II) carbonate 
speciation of the solid phases and thus the available free chlorine (Lytle and Schock 
2005; Lytle et al. 2009; Wang et al. 2010).
Corrosion scale dissolution experiments were conducted at varying chlorine 
concentrations (Table 3.1, Exp. 4) and pH values (Table 3.1, Exp 5). For Exp. 4 the 
corrosion scale harvested from the lead plumbing was composed of hydrocerussite and 
cerussite, while for Exp. 5 it was composed of hydrocerussite, cerussite and minium.(Kim 
and Herrera 2010) Therefore, to simulate Exp. 4 a solid phase consisting of 95% 
hydrocerussite, 5% cerussite was used as the initial phase, in comparison, 90% 
hydrocerussite, 5% cerussite and 5% minium was used as the starting phase for Exp. 5. 
These percentages were based on scale characterization results (Kim and Herrera 2010). 
To further validate the scale composition, a synthetic scale was prepared by combining 
lead and aluminum silicate compounds at the same percentages present in the corrosion 
scale for Exp. 4. Dissolution experiments were then carried out on this synthetic scale for 
varying initial chlorine concentrations (Exp. 6). Figure 3.5 shows the measured and 
simulated soluble lead concentrations for different initial chlorine concentrations (0-10 
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Figure 3.5. Experimental and simulated lead concentrations for different (a) initial free chlorine
concentrations (0, 1,5, 10 mg CI2/L) and (a) initial pH values (7, 8, 9, 10) for pipe corrosion scale 
with 20 mg C/L and 0.01M N aN 03
Comparisons of the final measured and simulated pH values for these experiments are 
provided in Appendix A (Figure A5). Figure 3.5a shows a reasonable match between the 
measured and simulated soluble lead concentrations for both the corrosion and synthetic 
scale experiments. For example, at 1 mg/L as CI2 predicted lead is 0.18 mg/L while the 
experimental mean lead concentrations obtained on the corrosion and synthetic scales are 
0.21 mg/L and 0.1 mg/L respectively. The corrosion scale, synthetic scale and pure phase 
experiments (Figures 3.5a, Figure 3.1-3.3) indicate that the soluble lead concentrations 
are independent of the initial free chlorine concentrations. This is also predicted by the 
model with the lead concentration varying between 0.15-0.18 mg/L for these phase 
compositions at different free chlorine concentrations. At high chlorine levels, lead (IV)
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oxides can form and this would decrease the soluble lead concentrations due to the lower 
solubility of lead (IV) oxide phases (Xie et al. 2010). However the results indicate that 
even for the experiments with high initial chlorine (above 5 mg/L), lead concentrations 
are controlled by lead (II) carbonate phases.
In addition to predicting the equilibrium water chemistry including soluble lead 
concentrations, the model also provides prediction of the solid phase composition and 
transformations. Table 3.3 shows the predicted equilibrium composition of the lead­
bearing scale for dissolution experiments with the varying chlorine concentration. The 
model shows that chlorine promotes the phase transformation sequence of hydrocerussite 
-> cerussite -> lead (IV) oxide; this phase transformation has also been observed in 
previous studies (Lytle and Schock 2005; Lytle et al. 2009) (Table 3.3). As the chlorine 
values increases from 0 - 1 0  mg/L, the percentage of hydrocerussite in the scale at 
equilibrium decreases from 78% to 48%, while the percentage of cerussite increases from 
22% - 44%. The model predicts that lead (IV) oxide will not form at chlorine levels of 0 
or 1 mg/L, but 2% and 8% lead (IV) oxide formation was predicted at chlorine levels of 5 
and 10 mg/L respectively.
Despite these phase transformation and the formation of lead (IV) oxide at higher 
chlorine dosages, the soluble lead concentrations were independent of chlorine levels in 
both modeling and experimental results. This is because for all cases hydrocerussite and 
cerussite are still present at equilibrium and as these phases are orders of magnitude more 
soluble than lead (IV) oxide phases they control the equilibrium soluble lead 
concentrations. This result is also shown for the pure phase dissolution experiments.
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Table 3.3: Predicted solid phase compositions at equilibrium for corrosion scale experiments
pH Cl2 (mg/L) HC (%) C (%) M (%) p (%) Al(OH)3(%) PI (%)
Initial phase 19% Pb 4% AI, AI:Si = 3:1
Initial Phase 95 5 0 0 33 67
0 78 22 0 0 32 66
8
1 77 23 0 0 32 66
5 68 30 0 2 32 66
10 48 44 0 8 32 66
Initial phase 26.5% Pb 3.7% AI, Al:Si = 3:1




0 100 0 0 34 66
28 72 0 0 32 66
9 99 0 0 1 31 66
10 98 0 0 2 11 65
HC = Hydrocerussite, C= Cerussite, M= Minium, P= Plattnerite, PI= Protoimogolite
For the experiments with hydrocerussite and cerussite the solid phase was observed to 
become darker after 10 days for the experiments with high chlorine dosages. This 
indicates the conversion of hydrocerussite or cerussite phases to lead (IV) oxide (Lytle 
and Schock 2005; Vasquez et al. 2006). The transformation however was incomplete as 
free chlorine became depleted in the system and as the ORP subsequently decreased only 
a portion of lead (II) carbonate converted to lead (IV) oxide at these chlorine 
concentrations. Therefore the soluble lead concentrations are independent of the chlorine 
dosage as the lead (II) carbonate phases rather than the less soluble lead (IV) oxide phase 
control the solubility (Lytle and Schock 2005). This is an important result as drinking
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water utilities typically maintain residual chlorine levels below 4.0 mg/L (EPA December 
16, 1998). Therefore in municipalities such as London, ON where the lead scale in the 
distribution system is mainly hydrocerussite and cerussite a change in the disinfectant 
concentration or type may not introduce significant effect on soluble lead concentrations.
In our experiments, similar to the real distribution system, the chlorine concentration was 
not maintained. At residual chlorine levels maintained in the London, ON distribution 
systems chlorine concentration is likely not sufficient enough to maintain sufficiently 
high ORP for complete conversion or formation of lead (IV) oxide. This strongly 
contrasts with municipalities such as in Washington DC (Schock and Giani 2004) where 
the scale is mainly composed of lead (IV) phases. In these municipalities changing from 
free chlorine to chloramines disinfectant resulted in high lead concentrations due to 
destabilization of the lead (IV) oxides in the corrosion scale.
In agreement with previous studies pH has a significant effect on soluble lead levels 
(Figure 3.5b). Both experimental and modeling results show lower soluble lead 
concentrations as the pH value increases. Over the range of pH values considered in this 
study (7-10), soluble lead concentration is lowest (0.14 mg/L) at pH 9. The effect of pH 
on the equilibrium solid phase composition is shown in Table 3.3. Here the predicted 
solid phase composition indicates that the transformation of hydrocerussite to cerussite 
takes place in the lower pH (7, 8) range. In contrast at higher pH values cerussite is 
transformed not only to hydrocerussite but to lead (IV) oxide as well. The model also 
predicts the complete dissolution of minium (Pb304) at all pH values. These predicted 
solid phases for different pH values correspond with previous experimental findings
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(Nadagouda et al. 2009). For instance, Nadagouda et al observed, using XRD, that for 
lead pipes exposed to water under different conditions cerussite was the major phase 
formed at lower pH values (6.5-7), while at higher pH values (8.5-9) hydrocerussite or 
plumbonacrite ( Pbio(C03)6(OH)60) was the main phase. Our model predicts that at high 
pH values (9-10) approximately 98-99% of the lead scale is hydrocerussite, in contrast to 
100 % cerussite at pH 7 and a mixture of cerussite (72%) and hydrocerussite (28%) at pH 
8. In addition, due to the low initial chlorine in this set of experiments (1 mg CI2/L) the 
model predicts negligible lead (IV) oxide formation with only 1% predicted to form at pH 
9 and 2% at pH 10. This finding is in agreement with the study of Lytle and Schock 
(2005). Our results indicate that for all initial pH values between 7-10, at a chlorine levels 
of 1 mg Cb/L, the total dissolved lead concentrations are controlled by the solubility of 
cerussite (at pH < 8) and hydrocerussite (at pH > 8.5).
Besides lead-bearing phases, characterization of the corrosion scale harvested from lead 
pipes in London, ON confirmed the presence of a significant amount (around 4%) of 
aluminum silicate phase. The predicted aluminum concentrations at different pH values 
and initial chlorine concentrations are shown in Figure 3.6 (a) and (b) respectively. Due 
to uncertainty regarding the exact form of the aluminum silicate phases in the corrosion 
scale, sensitivity analyses were performed using different phase compositions (Table 
3.2). Various aluminum silicates such as kaolinite, imogolite, protoimogolite and also 
aluminum hydroxide may be present in water distribution systems. It can be seen in 
Figure 3.6 (a) that the experimental dissolved aluminum concentrations increase with 
initial pH. Only model c.l, for which the aluminum silicate phase is represented as 33%
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aluminum hydroxide and 67% protoimogolite, provides a good match with the 
experimental data.
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Figure 3.6: Experimental and simulated aluminum concentrations for different (a) initial pH 
values (7, 8, 9, 10) and (b) initial free chlorine concentrations (0, 1,5, 10 mg Cl2/L) for corrosion 
scale with 20 mg C/L and 0.01M N aN 03
Other aluminum silicate phase compositions considerably under predict the dissolved 
aluminum concentration at higher pH (9, 10). Based on these simulation results, previous 
characterization of aluminum silicate scales in water distribution systems (Snoeyink, et 
al. 2003) and the experimental value obtained for the Al:Si ratio (3:1) in the corrosion 
scale (Kim and Herrera 2010); an aluminum hydroxide and protoimogolite phase was 
used to represent the aluminum silicate phases in the corrosion scale for all other models. 
Importantly, the sensitivity analyses showed that while the dissolved aluminum
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concentration changed when different aluminum silicate phases were used the lead 
concentrations remained constant (Appendix A, Figure A6). Comparison of the measured 
and predicted aluminum concentration for the corrosion scale and synthetic scale 
experiments at different initial chlorine concentrations are shown in Figure 3.6(b). The 
model results match relatively well the synthetic and corrosion scale experimental results 
with aluminum concentrations near 0.5 mg/L for all initial chlorine concentrations. 
Furthermore, the model results indicate that the initial free chlorine concentration does 
not affect the aluminum-bearing solid phase composition (Table 3.3); this explains the 
constant dissolved aluminum concentrations. For the experiments run at different initial 
pH values, the fraction of aluminum hydroxide (32%) and protoimogolite (66%) in the 
scale at equilibrium was relatively constant except at pH 10. At pH 10, dissolution of 
aluminum hydroxide occurred (22%) and this accounts for the high measured and 
predicted aluminum concentration at this pH. It is well known, that the solubility of 
aluminum hydroxide is strongly dependent on pH (Snoeyink et al. 2003) and therefore 
the observed increasing trend of dissolved aluminum concentrations with increasing pH 
are consistent with previous studies (McEwen 1998).
The results discussed so far have focused on the corrosion scale for the London, ON 
water distribution system where hydrocerussite is the major phase. However, the 
composition of the scale may vary for different water distribution systems. To investigate 
the influence of the scale composition on soluble lead concentrations, dissolution 
experiments were conducted with different synthetic scale compositions (Table 3.1, exp. 
6 - exp. 8). For Exps. 6 and 7 the synthetic scale had the same composition as the field 
corrosion scale used in Exp. 4 but for Exp. 7 did not contain any aluminum silicate
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phases. The synthetic scale composed of 50% hydrocerussite, 30% cerussite and 20% 
lead (IV) oxide (Exp. 8) gave lead concentrations similar to the other scales for which 
lead (IV) oxide was not present (Figure 3.7, Exp.6 and Exp.7).
Figure 3.7: Experimental lead concentrations with synthetic scale (26% Pb and 3.76% o f A1 
content) containing 95% hydrocerussite (HC), 5% cerussite (C), 3.76% aluminum silicate (Al-Si) 
(A); 95% hydrocerussite (HC), 5% cerussite (C) (□); and 50% hydrocerussite (HC), 30% cerussite 
(C), 3.76% aluminum silicate (Al-Si) (o) with lmg Cl2/L, 20 mg C/L and 0.01MNaNO3 at pH 8
This indicates that lead (II) carbonates are the controlling phase even with significant 
amount of lead (IV) oxide present in the scale. Negligible changes in lead concentration 
was observed between the synthetic scales with (95% hydrocerussite, 5% cerussite and 
3.97% aluminum silicate) and without (95% hydrocerussite, 5% cerussite) aluminum 
silicate phases (Figure 3.7); thus lead concentrations were not affected by the aluminum 
silicate. This finding is consistent with the work by Kvech and Edwards (2001) where 
they investigated whether aluminum silicate deposits act as a protective layer in lead or
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copper pipes and found aluminum silicate ineffective as a protective layer and 
inconsequential for soluble lead levels.
3.4.2 APPLICATION OF MODEL TO PUBLISHED DATA
Three published studies were selected to further test the ability of the model to predict 
lead concentrations and equilibrium phase compositions. Results of dissolution batch 
experiments carried out using lead pipes reported by Giammar et al (2010) and using lead 
coupons by Patterson and O’Brien (1979) were simulated. In addition, the ability of our 
model to predict solid phase transformations was tested by comparing model predictions 
with solid phases found from lead precipitation experiments reported by Marani et al 
(1995).
Giammar et al (2010) conducted lead dissolution experiments using lead pipes supplied 
by the Massachusetts Water Resource Authority. The main phases on the scale of the lead 
pipes were hydrocerussite and cerussite. Giammar et al evaluated the effect of pH (7.5, 
8.5, and 10), orthophosphate addition (3 mg PO4/L) and DIC (10, 50 mg C/L) levels on 
soluble lead concentrations. Their experimental conditions were input in our model. 
Figure 3.8 (a) compares their reported soluble lead concentrations with our model 
predictions; the predicted and measured soluble lead concentrations are in good 
agreement. Moreover, the model predicts the formation of hydroxylpyromorphite. These 
authors proposed this phosphate-bearing phase may form and that it may be responsible 
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Figure 3.8: Experimental and simulated lead concentrations (a) with lead pipe with pH 7.5,
DIC 10 C/L, orthophosphate as lmg P/L (O), pH 8.5, DIC 50 C/L, orthophosphate as 0 mg P/L 
(□), pH 10, DIC 10 C/L, orthophosphate as 0 mg P/L (A) o f Gaimmar’s study and (b) with lead 
coupon at pH 7,8, DIC 3 to 30 mg C/L range o f Patterson’s study
Figure 3.8(b) shows the lead concentrations predicted by the model for the conditions 
used in the Patterson et al.’s study. In this study lead coupons were left to corrode for 30 
days in a closed container at initial pH 7, 8 and DIC range 3-30 mg C/L using water 
collected from Boston’s Wachusetts reservoir. The initial water chemistry reported by the 
authors’ was input in the model but in our model the initial solid phase was assumed to 
be cerussite and hydrocerussite rather than metallic lead coupons. This assumption was 
based on the fact that at pH 7 - 8 the only solids that will form in presence of available 
DIC after metallic lead corrosion are hydrocerussite and cerussite (AwwaRF and TZW 
1996; Noel et al. 2009). Their reported lead concentrations were independent of the pH
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and DIC for the ranges examined. There is a close match between these experimental 
results and predicted soluble lead concentrations (Figure 3.8b).
The model was also compared against lead precipitation experiments conducted by 
Marani et al using 10 mg/L Pb and 960 mg SO4/L. These authors also developed an 
equilibrium model in Minteqa2 to predict the residual lead concentrations and final 
precipitated solid phases. Their experimental and modeling results and results obtained 
by our model using the initial experimental conditions as input are presented in Table 3.4. 
Comparison of these results indicates that our model is able to predict accurately the final 
solid phase compositions.
Table 3.4: Aged suspension prediction o f lead precipitation experiment
Initial pH DIC (mg C/L) Experiment Model: Marani (1995) Model: Present study
5 18 Anglesite Anglesite Anglesite
6 .2 86 Cerussite Cerussite Cerussite
8 .5 1.8 Hydrocerussite Hydrocerussite Hydrocerussite
9 .3 22.2 Hydrocerussite Hydrocerussite Hydrocerussite
9 .5 1.8 Hydrocerussite Hydrocerussite Hydrocerussite
10 18 Hydrocerussite Hydrocerussite Hydrocerussite
11 1.8 Hydrocerussite Hydrocerussite Hydrocerussite
3.4.3 MODEL SENSITIVITY ANALYSIS
Sensitivity analysis was conducted with the validated model to evaluate the effect of zinc 
orthophosphate on soluble lead concentrations. Zinc orthophosphate is a well known
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corrosion inhibitor often used in lead-bearing water distribution systems (Schock 1989; 
Tam and Elefsiniotis 2009). For instance, the Springfield Water Department (MA) 
evaluated the effectiveness of zinc orthophosphate to decrease lead levels in their 
drinking water system (Kirmeyer 2000) and found that it was effective at concentrations 
below 3-5 mg PO4/L at pH ranges between 7.5-8. Reports indicate that 
chloropyromorphite (Pb5(P04)3Cl) may form in addition hydroxylpyromorphite when 
orthophosphates are added (AwwaRF and TZW 1996).
Sensitivity analysis at pH 7 and 7.5 with water chemistry conditions similar to those for 
the City of Springfield, MA were conducted with the model.(Kirmeyer 2000) The 
influence of zinc orthophosphate concentration (0, 3, 6, 10, 30 mg PO4/F) on lead 
concentrations with DIC concentrations ranging from 3 to 40 mg C/F and a scale 
composition of 50% hydrocerussite, 40% cerussite and 10% plattnerite was examined. 
The initial free chlorine was 1 mg CI2/F for all simulations.
Figure 3.9 shows the predicted equilibrium lead concentrations and final solid phase 
compositions obtained for different initial phosphate concentrations at (a) DIC 3 mg C/F 
and (b) DIC 40 mg C/F for an initial pH value of 7. The predicted final pH, lead 
concentrations and phase composition for other DIC levels (5, 10 mg C/F) and pH values 
(7.5) are provided in the Appendix (Figure A7 and Table B2). Comparison of the lead 
concentrations between Figures 3.9(a) and 3.9(b) indicates that at low DIC levels the 
addition of zinc orthophosphate results in a significant reduction in soluble lead 
concentrations. For example, at 3 mg C/F DIC (Figure 3.9a) the soluble lead 
concentrations decrease from 1.7 mg/F to 0.2 mg/F when the orthophosphate
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concentration increases from 0 to 30 mg/L. In contrast, at high DIC levels (40 mg C/L) 
no change in dissolved lead concentrations is predicted with the addition of 
orthophosphate. At low DIC values, the maximum change in soluble lead concentration is 
observed at 3 mg PO4/L as zinc orthophosphate (Figure 3.9a); this is in agreement with 
the previous study by Springfield Water Department (Kirmeyer 2000) which indicated 
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Figure 3.9. Simulated equilibrium lead concentration and solid phase prediction at (a) DIC 3 mg 
C/L and (b) DIC 40 mg C/L with an initial solid containing 50% hydrocerussite, 40% cerussite 
and 10% P b02 at pH 7 and lm g Cl2/L
The formation of hydroxylpyromorphite increases for both the high and low DIC cases 
(Figure 3.9). Similarly, formation of chloropyromorphite (5-7%) is predicted for both
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cases. At the lower DIC concentrations (Figure 3.9a) the final amount of hydrocerussite 
decreases from 58% to 7% as phosphate levels increase from 0 to 30 mg PO4 /L 
respectively. At the same time, the formation of cerussite decreases initially (34-26%) 
when orthophosphate levels increase from 0 to lOmg/L, but at high orthophosphate 
concentration (30mg PO4 /L) the formation of cerussite (33%) increases. This non­
monotonic behaviour may be because the greater dissolution of hydrocerussite occurring 
at high phosphate concentrations leads to higher aqueous DIC and this result in the 
formation of cerussite. Significant formation of cerussite (74-45%) and dissolution of 
hydrocerussite is predicted with high DIC (40 mg C/L) (Figure 3.9b). As a result for 
these simulations lead concentrations (0.17 mg /L) were constant regardless the presence 
of phosphate while at low DIC, lead concentrations (1.73-0.2 mg/L) were observed to be 
reduced as phosphate concentrations increased (0-30 mg PO4 /L).
In this sensitivity analysis an initial solid phase consisting of 50% hydrocerussite, 40% 
cerussite and 10% lead (IV) oxide is considered. In Figure 3.9a it can be seen that for low 
DIC (3 mg C/L) a constant percentage of lead (IV) oxide (7%) is predicted that is 
independent of the orthophosphate concentration. In contrast, at high DIC values (Figure 
3.9b) the lead (IV) oxide content is predicted to decrease from 7% to 0% with increasing 
orthophosphate concentration. Previous studies on the effect of orthophosphate on the 
formation of lead (IV) oxide by Lytle et al. (initial pH 7.75-8, DIC 10 mg C/L, 3 mg 
CL/L, and 30mg PO4/L as orthophosphate) report the formation of lead (IV) oxide as a 
major phase in absence of orthophosphate, while hydroxylpyromorphite and 
chloropyromorphite were the major phases in presence of orthophosphate. This is in 
agreement with our model predictions. Another simulation performed for initial water
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quality conditions at slightly different conditions from Lytle’s work (Lytle et al. 2009) 
with an initial pH 7.5, DIC 15 mg C/L, 1 mg CL/L and 30 mg PO4/L can be found in the 
Appendix B (Table B2). The results also indicate that lead (IV) oxide formation 
decreases from 7% to 5% as the orthophosphate concentrations increases from 0 to 30 mg 
PO4/L. Solid phase composition predicted by our model indicate formation of 48% 
hydroxylpyromorphite and 7% chloropyromorphite was also observed. These results are 
also in agreement with the experimental observations reported by the authors in their 
study (Lytle et al. 2009).
3.5 CONCLUSION
Modeling of lead corrosion can provide important information regarding to corrosion 
mechanism and solid phase transformation. Due to uncertainty of previously 
thermodynamic information as well as experimental procedure may contribute some error 
in the model prediction but developed model in agreement not only with the experimental 
results conducted in this study but also it matches well with previously reported results 
and experimental trend. Developed model predicts the soluble lead, aluminum 
concentrations as well as it predicts the solid phase formation and transformations. Model 
shows that at low chlorine concentration lead carbonate would be dominant phase that 
controls the soluble lead concentration and neither aluminum silicate composition nor 
various compositions of lead phases has significant affect on soluble lead concentrations. 
Finally sensitivity analysis shows that zinc orthophosphate as a corrosion inhibitor is 
effective in low DIC and a zinc orthophosphate concentration in a range 3-5 mg PO4 /L.
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CHAPTER 4
4.0 SUMMARY AND RECOMMENDATIONS
4.1 SUMMARY
Lead corrosion in drinking water systems is a complex phenomenon. Thus predicting and 
modeling this phenomenon is very challenging. Unavailability of relevant and accurate 
thermodynamic data for species such as lead (IV) oxides contributes to the 
inconsistencies observed in previous modeling studies. In this study a geochemical model 
has been developed that is able to provide predictions that are in close agreement with 
dissolution experiments results as well as published data. This is due mainly to the 
improved understanding of the chemical characteristics of the lead corrosion scales and 
the use of more reliable values for thermodynamic parameters that have been better 
quantified since previous models were developed. The identity of the solid phases and 
phase transformations predicted by our model are also consistent with published 
experimental data. The model presented in this study thus is able to describe complex 
corrosion phenomena, and provides a tool for predicting both the soluble lead 
concentrations levels and solid phase transformations under typical drinking water 
conditions. This is a valuable tool for water utilities as it can predict changes in lead 
concentrations and solid phase transformations that could occur as result of the 
implementation of a corrosion control plan or changes in water treatment.
Previous studies have shown that disinfectant concentration has a profound impact on the 
formation of lead (IV) oxide in the corrosion scale and soluble lead concentrations. The 
results from our model indicate that at low free chlorine concentrations (<5 mg/L) soluble
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lead levels are governed by solid lead (II) carbonates rather than lead (IV) oxide. In 
contrast, at higher free chlorine concentrations a solid phase transformation takes place 
and more lead (IV) oxide is formed. Despite this greater formation of lead (IV) oxide is 
higher, if there is still lead (II) carbonates present in the scale at equilibrium these phases 
will control the solubility. Additionally, the results show that the presence of non-lead 
bearing solid phases such as aluminum silicates does not affect soluble lead 
concentrations. While the presence of aluminum silicates may affect the water chemistry, 
particularly pH values, their effect on the soluble lead concentration is negligible.
As mentioned above, the model can be applied to explore the potential of different 
corrosion control strategies. One such strategy was examined through sensitivity analyses 
was the effect of the addition of phosphate inhibitors. The model shows that at low 
alkalinities and zinc orthophosphate concentrations in the range 3-5 mg PO4/L a 
significant decrease in soluble lead levels occurs with the concomitant formation of 
highly insoluble lead phases such as hydroxylpyromorphite and chloropyromorphite. The 
model also indicates that addition of phosphate restricts the formation of lead (IV) oxide.
While the model developed is able to provide valuable insights into corrosion scale 
chemistry it is not in its current stage able to be directly applied to measure lead 
concentrations in an actual distribution system. This is mainly because for field 
conditions thermodynamic equilibrium to be achieved due to the short contact times 
between the corrosion scale and the aqueous phase that occurs. However the model can 
be applicable to systems in which the aqueous phase has a sufficiently long contact time 
with the corrosions scale to achieve pseudo-equilibrium; such in the case of internal
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household plumbing where water is stagnant overnight. Despite its current limitations the 
developed model is a valuable tool to evaluate and understand the response of lead 
concentrations and the composition of the corrosion scale to different water chemistry 
parameters.
4.2 RECOMMENDATIONS
The model developed evaluates lead corrosion chemistry as a function of relevant water 
chemistry parameters for drinking water distribution systems. This model however can be 
expanded to evaluate the influence of additional variables that were not considered. The 
following recommendations form the basis of future work:
• Free chlorine was only disinfectant investigated with the developed model. 
Previous studies show that lead (IV) oxide may transform to lead (II) carbonate 
if monochloramine is used as a disinfectant and these changes the soluble lead 
levels. Many municipalities are switching from free chlorine to monochloramine 
and therefore is would be valuable to apply the model to evaluate the effects of 
this switch in disinfectants.
• Zinc orthophosphate is the only corrosion inhibitor evaluated in this study. Zinc 
orthophosphate is applicable in a limited pH and DIC range. The developed 
model could also be applied to evaluate the effectiveness other corrosion 
inhibitor including silicates or polyphosphate for a wide range of influent water 
chemistry.
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• Modeling of lead corrosion phenomenon is advantageous because it enables 
rapid evaluation of a wide range of corrosion strategies. The model was only 
applied to evaluate established corrosion control strategies in this study but it 
recommended that it also be used to explore new alternative corrosion control 
options.
• This study only applied the model to examine the effects of the water chemistry 
parameters pH, DIC, chlorine for values relevant to water distribution systems. 
The effect of other important parameters including natural organic matter 
(NOM) and the chlorine to sulphate ratio may also influence the soluble lead 
concentrations and the solid phase formation and transformation. For examine, 
recent research has shown that NOM may promote the reductive dissolution of 
lead (IV) oxide and hence increase the soluble lead concentration. The model 
could be extended to be able to examine the influence of these other important 
parameters.
• The model developed only considers equilibrium conditions but if appropriate 
kinetic rate constants are included in the model, in particular for rate-controlled 
solids like lead (IV) oxide, the model would provide more realistic prediction. 
The inclusion of kinetic rate constants would be more appropriate for simulation 
of actual distribution systems where the contact time between the aqueous and 
solid phases is short. Once the kinetic rate is incorporated ID simulation can be 
done to predict the lead concentration in the actual distribution system.
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• At the point-of-use, the total lead level in the drinking water is present as both
soluble and particulate lead. The developed model does not consider particulate 
lead and therefore is not able provide prediction of this portion of the total lead. 
Prediction of particulate lead is complex. If this phenomenon is to be included in 
the model additional investigation is first needed to better understand the 
relationship between the particulate lead levels and the water chemistry as well 
as physical parameters such as the flow velocity and particle size.
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Figure Al: Mean soluble lead concentration against time for hydrocerussite dissolution experiments 
(Exp. 1) with pH 8, 20 mg C/L as NaHC03 and 0.01M NaN03
Time (hr)
Figure A2: Mean soluble lead concentration against time for cerussite dissolution experiments (Exp. 
2) with pH 8, 20 mg C/L as NaHC03 and 0.01M NaN03
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Figure A3: Mean soluble lead concentration against time for corrosion scale dissolution experiments 
(Exp. 4) with pH 8, 20 mg C/L as NaHC03 and 0.01M NaN03
Time (hr)
Figure A4: Mean soluble lead concentration against time for corrosion scale dissolution experiments
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Figure A5: Experimental and simulated pH for different (a) initial free chlorine 
concentrations (0, 1,5, 10 mg CE/L) and (a) initial pH values (7, 8, 9, 10) for pipe corrosion 
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Figure A6: Simulated lead concentration with varying scale composition (Table 3.2) at 1 mg CI2/L 
and 20 mg C/L
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Phosphaste (mg/L as P 0 4) Phosphaste mg/L as P 0 4
Figure A7: Simulated equilibrium lead concentration prediction with lm g CI2/L at (a) pH 7 and (b) 
pH 7.5 with an initial solid containing 50% hydrocerussite, 40% cerussite and 10% Pb02
APPENDIX B
Table B l:  Relevant aqueous reactions and equilibrium constants 
Aqueous Reactions *
No Reaction Log K
1 h 2o  u  o h  + h + -13.998
2 2 H20  ±4 0 2 + 4 H+ + 4 e -86.08
3 Na+ + C 0 3'2 + H+ ±4 NaHC03 10.08
4 Na+ + C 0 3'2 *4 N aC 03' 1.268
9 Pb+2+ C r ±4 PbCl+ 1.6
10 Pb+2 + 2CYU PbCl2 1.8
11 Pb+2+ 3 Cl' U PbCl3' 1.699
12 Pb+2 + 4 cr ±4 PbC14'2 1.38
13 Pb+2+ 2C 03'2 ±4 Pb(C03)2'2 10.64
14 Pb+2+ H20  ±4 PbOH+ + H+ -7.71
15 Pb+2 + 2 H20  U Pb(OH)2 + 2 H+ -17.12
16 Pb+2+ 3 H20  ±4 Pb(OH)3' + 3 H‘ -28.06
17 2 Pb+2+ H20 i4  Pb20H+3 + H+ -6.36
18 Pb+2+ N 0 3' U PbN 03+ 1.17
19 Pb+2+ C 0 32' ±4 PbC03 7.1(1)
20 Pb+2+ 4 H20  ±4 Pb(OH) 4'2 + 4 H+ -39.69
21 Pb+2+ C 0 3'2 + H' ±4 PbHC03+ 13.2
22 co3'2 + h + ±4 h c o 3- 10.33
23 C 0 3'2 + 2H+ S  H2C 0 3 16.681
24 cr + 2 OH' ±4 CIO' + H20  + 2 e* -30.13
25 CIO' + H+ 44 HCIO 7.49
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26 2 HCIO + 2 iT+ 2 e U Cl2 + 2 H20 -53.8
27 NO3' + 2 H++ 2e' 5  N02' + H20 28.57
Solid Phase dissolution * 
Phase Reaction Log Ksp
Hydrocerussite(2) Pb3(C03)2(OH)2 + 2H+ ^  3Pb"2 + 2C03'2 + 2H20 -17.65(2)
Cerussite PbC03 ±7 Pb+2 + C032 -13.13
Plattnerite Pb02 + 4H+ + 2e' U Pb+2 + 2H20 49.3
Minium Pb30 4 + 8Pf + 2e" U 3Pb+2 + 4H20 73.69
Hydroxylpyromorphite Pb5(P04)30H + H’ 5  5Pb+2 + 3 P04"3 + H20 -62.79
Chloropyromorphite Pb5(P04)3Cl U 5Pb+2 + 3P04"3 + Cl' -84.43
Protoimogol ite(3 ) Al20 3Si0H(0H)3 + 6H+ Z; 2A\+i + H4Si04 + 3H20 14.04(3)
Aluminum hydroxide(3 Al(OH)3 + 3H+ Al+3 + 3H20 9.66(3)
Kaolinite Al2Si20 5(0H)4 + 6H+ t; 2A1+3 + 2H4Si04 + H20 5.73
Imogolite(4) Al20 3Si0H(0H)3 + 6 H+ î; 2A1+3 + H,Si04 +3 H20 13.08(4)
*Note that equilibrium constants are reported from minteq.V4 (Allison, Brown et al. 1991)
1 Tang, Hong et al. 2006
2 Taylor and Lopata 1984
5 Lumsdon and Farmer 1995 
[ Bi, An et al. 2001
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Table B2: Sensitivity analysis results
Initial condition: pH 7, DIC 3 mg C/L
Phosphate (mg PO4/L) PH Lead (mg/L) %HC %C %P %HP %CP
0 7.0 1.73 58 34 7 0 0
3 7.4 0.37 57 30 7 0 5
6 7.4 0.37 54 27 7 4 7
10 7.6 0.28 49 26 7 11 7
30 7.8 0.20 5 33 7 48 7
Initial condition: pH 7, DIC 6 mg C/L
Phosphate (mg PO4/L) PH Lead (mg/L) %HC %C %P %HP %CP
0 7.2 0.75 54 39 7 0 0
3 7.5 0.39 54 33 7 0 5
6 7.6 0.3 51 31 7 4 7
10 7.7 0.25 45 30 7 11 7
30 7.9 0.19 0 38 7 48 7
Initial condition: pH 7, DIC 15 mg C/L
Phosphate (mg PO4/L) PH Lead (mg/L) %HC %C %P %HP %CP
0 7.6 0.27 45 47 7 0 0
3 7.7 0.23 45 43 7 0 5
6 7.8 0.21 41 41 7 4 7
10 7.8 0.2 33 41 7 11 7
30 7.9 0.18 0 41 4 48 7
Initial condition: pH 7, DIC 40 mg C/L
Phosphate (mg PO4/L) pH Lead (mg/L) %HC %C %P %HP %CP
0 8.1 0.17 19 74 7 0 0
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3 8.1 0.17 13 74 7 0 5
6 8.1 0.17 5 77 7 4 7
10 8.1 0.17 5 76 6 11 7
30 7.7 0.17 0 45 0 48 7
Initial condition: pH 7.5, DIC 3 mg C/L
Phosphate (mg PO4/L) pH Lead (mg/L) %HC %C %P %HP %CP
0 7.03 1.58 60 32 7 0 0
3 7.4 0.50 63 24 7 0 5
6 7.5 0.32 63 19 7 4 7
10 7.7 0.25 61 14 7 11 7
30 7.9 0.19 30 8 7 48 7
Initial condition: pH 7.5, DIC 6 mg C/L
Phosphate (mg PO4/L) PH Lead (mg/L) %HC %C %P %HP %CP
0 7.3 0.70 58 34 7 0 0
3 7.6 0.35 61 26 7 0 5
6 7.6 0.27 61 20 7 4 7
10 7.7 0.23 59 16 7 11 7
30 8 0.19 27 12 7 48 7
Initial condition: pH 7, DIC 15 mg C/L
Phosphate (mg PO4/L) PH Lead (mg/L) %HC %C %P %HP %CP
0 7.6 0.27 55 38 7 0 0
3 7.8 0.23 58 30 7 0 5
6 0 0.21 57 25 7 4 7
10 7.9 0.20 52 22 7 11 7
30 8 0.18 15 23 7 48 7
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Initial condition: pH 7, DIC 40 mg C/L
Phosphate (mg PO4/L) pH Lead (mg/L) %HC %C %P %HP %CP
0 8.1 0.17 46 47 7 0 0
3 8.1 0.17 43 44 7 0 5
6 8.2 0.17 38 44 7 4 7
10 8.2 0.17 29 45 7 11 7
30 8.1 0.17 0 41 5 48 7
HC = Hydrocerussite, C= Cerussite, P= PbC ,̂ HP= Hydroxylpyromorphite, CP= Chloropyromorphite
